Propagation through silicon-on-insulator ͑SOI͒ waveguide structures of 1.53 m, 100 fs laser pulses with peak powers up to 400 W is studied experimentally and theoretically. The dominant nonlinear effects are two-photon absorption and self-phase modulation. The two-photon absorption coefficient and the nonlinear refractive index of Si obtained in this work are ␤ 2 ϭ0.9 cm/GW and n 2 ϭ0.7 ϫ10 Ϫ13 cm 2 /W, respectively. At high intensities, free carriers generated by two-photon absorption are demonstrated to have a significant influence on pulse spectra and transmitted power. The figure of merit for all-optical switching obtained in this work (Tϭ1.8) indicates that a switch based on a SOI waveguide structure might be possible at 1.55 m.
Propagation through silicon-on-insulator ͑SOI͒ waveguide structures of 1.53 m, 100 fs laser pulses with peak powers up to 400 W is studied experimentally and theoretically. The dominant nonlinear effects are two-photon absorption and self-phase modulation. The two-photon absorption coefficient and the nonlinear refractive index of Si obtained in this work are ␤ 2 ϭ0.9 cm/GW and n 2 ϭ0.7 ϫ10 Ϫ13 cm 2 /W, respectively. At high intensities, free carriers generated by two-photon absorption are demonstrated to have a significant influence on pulse spectra and transmitted power. The figure of merit for all-optical switching obtained in this work (Tϭ1.8) indicates that a switch based on a SOI waveguide structure might be possible at 1.55 m. High-refractive-index-contrast ͑HRIC͒ optical waveguides consisting of silicon cores surrounded by air and/or oxide cladding regions can have very small mode areas, and can support low-loss bends with radius of curvature on the order of a few microns. These properties are attractive for dense integration of optical devices on a ''photonic chip.'' For fixed optical powers, small mode areas lead to enhanced optical field intensities that can introduce nonlinear effects on propagation. While these effects may be undesirable in some applications, they also present the opportunity for building all-optical devices. Understanding the nonlinear properties of light propagating in HRIC silicon waveguides is thus important for future integrated photonic applications.
It is expected that two-photon absorption ͑TPA͒ and selfphase modulation are the two main effects influencing the propagation of short laser pulses inside silicon waveguides. These effects have been studied in the past in silicon and other materials ͑e.g., Refs. 1-6͒, but the TPA coefficient ␤ 2 and the Kerr coefficient n 2 have only recently been measured in silicon at the important telecommunications wavelength of 1.5 m. 5, 6 In the present work, the influence of ␤ 2 and n 2 on the propagation of 100-fs laser pulses at 1.5-m wavelength is studied experimentally and theoretically, including the secondary influence of the nonlinearly generated free carriers. At high peak power levels, above ϳ50 W, free carriers are shown to have a significant influence on the transmitted power and spectra, and they must be included in pulse propagation models. The values for ␤ 2 and n 2 obtained in this work are compared to the previous studies by Tsang et al. 5 and Dinu et al., 6 and the possibility for all-optical switching in silicon-on-insulator ͑SOI͒ structures is discussed.
Laser pulses of 100-fs duration centered at 1.53 m are propagated through multimode, HRIC waveguide structures. The silicon channel waveguides have a cross section of (200ϫ1600) nm, are 300 m long, and are etched into the top layer of a silicon-on-insulator material system consisting of a silicon substrate, a 1000-nm-thick SiO 2 layer, and the 200-nm-thick top layer of silicon. The laser light is conveniently coupled in and out of the waveguide via two photonic crystal grating coupler-tapered waveguide sections ͑see the inset in Fig. 1͒ . The laser radiation is focused onto the input photonic crystal coupler at an angle of 12 degrees with respect to the normal, and the spot diameter is approximately 11 m ͑full width at half maximum͒. The shape of the laser pulses is slightly modified by the input coupler; the launched pulses have a narrower and slightly asymmetric spectral shape. ͑This effect is included in the simulations.͒ The outcoupled radiation is collected with an f /7 reflective optic oriented at 12 degrees from the normal of an identical photonic crystal. The mode converters are tapered sections of waveguide that narrow adiabatically from an initial width of 20 m near the photonic crystals to the width of the waveguide ͑1.6 m͒ over a length of 350 m. The overall input coupling efficiency is measured to be 3.6% for the geometry a͒ Electronic address: young@physics.ubc.ca used in these experiments, and the output coupling efficiency is approximately 25%. These measured values are consistent with simulations. For the results presented below, the average power of the 80-MHz train of pulses launched into the 1.6-m-wide waveguide ͑at the end of the taper͒ was varied in the range ͑0.05-3.2͒ mW, corresponding to a peak intensity range of (5 -300) GW/cm 2 . The transmitted spectra were recorded using a Fourier transform spectrometer. Independent measurements on identical photonic crystal couplers and much wider waveguides indicate that there is very little nonlinear behavior associated with the couplers themselves over the power range investigated here.
The model used to calculate the transmitted spectra and power is based on a formalism developed by Bhat and Sipe. 7 In this approach, a nonlinear equation for the pulse envelope function F is solved in one dimension,
Here, v is the group velocity of the channel waveguide mode, is the center frequency, k is the wave number of the propagating pulse, and x is the displacement. Terms related to electronic and group velocity dispersion were found to be unimportant for the simulations reported below. The last term incorporates the 3 nonlinearity into the model through the parameter ␦ defined as
where E is the normalized mode profile with max(n 0 2 ͉E͉ 2 ) ϭ1, ⍀ area is the effective mode area, and n 0 is the background refractive index of silicon. The third term in Eq. ͑1͒ takes into account the effects of free charge carriers generated by two-photon absorption. The free-carrier contribution ⑀ fc to the linear dielectric function in the photoexcited Si is
and its influence on the pulse propagation is described by
The carrier density dependence of ⌬n and ⌬␣ in Eq. ͑3͒ is taken from Cutolo et al. 8 Equations ͑1͒, ͑2͒, and ͑4͒ correspond to Eqs. ͑107͒ and ͑101͒ in the paper by Bhat and Sipe, 7 and the reader is referred to their work for further details.
The real part in Eq. ͑3͒ leads to spectral shifts ͑beyond those due to self-phase modulation related to the real part of 3 ), while the imaginary part leads to free-carrier absorption. The number density of the free carriers generated through two-photon absorption is calculated self-consistently, in an iterative manner that includes the fast changes in density that occur during each pulse and the background free-carrier density that is established due to the cumulative effect of several pulses from the 80-MHz train that influence the silicon within the lifetime of the carriers. An assumed carrier lifetime of approximately 0.15 s was extracted from simulations of the experimental data shown below. This lifetime is in fair agreement with previously published data suggesting a lifetime of approximately 1 s in bulk silicon. 9 It is expected that the lifetime is shorter for waveguides having a small cross-sectional area.
In order to calculate the mode overlap integrals in Eqs. ͑2͒ and ͑4͒, the channel waveguide mode profile was calculated using an FDTD algorithm. The 200-nmϫ1600-nm Si waveguides support two symmetric transverse modes near 1.5 m, but only one of these modes is excited with high efficiency. Care was taken with the input coupling alignment to avoid multimode beating in the transmission spectra. In fact, the nonlinear material parameters extracted from the fits do not vary by more than 35% when all of the radiation is assumed to propagate in the weakly coupled, higher-order transverse mode. The exception is the topmost spectrum, which was calculated for the same launch power ͑3.2 mW͒ as the top solid curve, but the influence of the free carriers was neglected.
MHz pulse train launched into the waveguide. Saturated transmission ͑optical limiting͒ behavior is clearly evident, and is due to both two-photon and free-carrier absorption. The two-photon absorption process dominates at lower powers ͑note that the simulated curve in Fig. 1 deviates from the experimental data at large input powers if the free carriers created by two-photon absorption are not taken into account͒. These free carriers also affect the nonlinear transmission spectra, shown in Fig. 2 . In the absence of free-carrier effects, self-phase modulation would be expected to symmetrically broaden the input spectrum at high input powers. Instead, the experimental spectra blueshift as they spread. This behavior is captured in the model simulations shown in Fig. 3 , and can be traced to the monotonic change in optical phase during the pulse, due to the integrated effect of freecarrier generation. The top spectrum in the simulated results of Fig. 3 shows the output spectrum corresponding to the highest average launch power ͑3.2 mW͒ calculated without including the free-carrier contribution to the phase shift experienced by the pulses.
Values for the TPA coefficient and the nonlinear refractive index obtained in this work are presented in Table I and compared to previous studies. 5, 6 The value for the TPA coefficient of ␤ 2 ϭ0.9 cm/GW is in good agreement with the TPA coefficient in bulk silicon found by Dinu and co-workers 6 but is inconsistent with the value reported by Tsang et al. 5 The main contributions to error in the present work have to do with the efficiency of the grating coupler, which is Ϯ15%, and the uncertainty in finding the best match between experimental and simulated data. A small additional error is due to the possible participation of the higher transverse mode, as discussed above. Taking all of these factors into consideration, the total uncertainty for ␤ 2 is Ϯ30% and n 2 is Ϯ20%.
It has been shown that the TPA coefficient can also be obtained directly from the slope of the inverse transmission as a function of the peak input intensity. 2, 5 In the present study, this plot is not linear, due to the influence of freecarrier absorption. Nevertheless, the slope of a straight-line fit to the low-power points of this curve yields an upper limit of 1.0 for ␤ 2 , consistent with the more accurate value obtained from the detailed fits.
The value for the nonlinear refractive index is consistent, within the error bars, with both of the previously reported values. The nominal value is, however, in closer agreement with the result found by Tsang and co-workers. Free-carrier absorption is found to have a significant influence on the value of n 2 . The intensities used in this study (5-300 GW/cm 2 ) are much larger than those of Dinu and co-workers 6 (1 GW/cm 2 ) and Tsang et al. 5 (0.8 GW/cm 2 ). Hence, free-carrier absorption must be taken into account in this study while it could be neglected in the two previous studies. The agreement in the Kerr coefficient found in this work and the previous studies suggests that the magnitude of free-carrier effects is correctly represented in the model.
In the previous studies discussed above, a figure of merit for all-optical switching, defined as Tϭ␤ 2 /n 2 , is deduced. At first glance, the two studies seem to disagree on the number that is required for optical switching. Dinu and co-workers 6 demand that Fϭ1/TϾ2 ͑corresponding to T Ͻ0.5) while Tsang et al. 5 require TϽ2. However, this difference is just due to the phase change that is required for different designs of an all-optical switch. As discussed by DeLong and co-workers, 10 some devices such as nondirectional couplers require a minimum phase change of 4, while for other devices such as the nonlinear distributed feedback grating a-phase change of may be sufficient. More importantly, the figure of merit of Dinu and co-workers (Tϭ2.9) suggests that it is impossible to build an efficient optical switch in a silicon waveguide, while the value of Tsang et al. (Tϭ1.2) suggests that it may be possible. The nominal value of Tϭ1.8 obtained in this work indicates that all-optical switching may just be achievable in SOI structures, but the uncertainty of this value due to errors makes this inconclusive.
In summary, the pulse propagation of short laser pulses in a SOI waveguide structure was studied experimentally and theoretically. The dominant nonlinear effects are two-photon absorption and self-phase modulation. The values found for the two-photon absorption coefficient and the nonlinear refractive index are overall in good agreement with previous studies. 5, 6 At high power levels, free carriers generated by two-photon absorption are demonstrated to have a significant influence on pulse spectra and transmitted power. The figure of merit for all-optical switching obtained in this work indicates that a switch based on a distributed feedback grating might work.
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